We report on observations of the sixth accretion-powered millisecond pulsar, IGR J00291ϩ5934, with the Rossi X-Ray Timing Explorer. The source is a faint recurrent X-ray transient initially identified by the International Gamma-Ray Astrophysics Laboratory. The 599 Hz (1.67 ms) pulsation had a fractional rms amplitude of 8% in the 2-20 keV range, and its shape was approximately sinusoidal. The pulses show an energy-dependent phase delay, with the 6-9 keV pulses arriving up to 85 ms earlier than those at lower energies. No X-ray bursts, dips, or eclipses were detected. The neutron star is in a circular 2.46 hr orbit with a very low-mass donor, most likely a brown dwarf. The binary parameters of the system are similar to those of the first known accreting millisecond pulsar, SAX J1808.4Ϫ3658. Assuming that the mass transfer is driven by gravitational radiation and that the 2004 outburst fluence is typical, the 3 yr recurrence time implies a distance of at least 4 kpc.
INTRODUCTION
The growing sample of accretion-powered millisecond X-ray pulsars divides naturally into two groups. Three of the five sources known to date (XTE J1751Ϫ305, Markwardt et al. 2002; XTE J0929Ϫ314, Galloway et al. 2002; and XTE J1807Ϫ294, Markwardt et al. 2003) are in ultracompact binaries with orbital periods of ≈40 minutes. The Roche lobes in such tiny binaries cannot contain a main-sequence companion, indicating that the mass donors are highly evolved and H-poor (Nelson et al. 1986; Nelson & Rappaport 2003; Deloye & Bildsten 2003) . The other two (SAX J1808.4Ϫ3658, Wijnands & van der Klis 1998; Chakrabarty & Morgan 1998; and XTE J1814Ϫ338, Markwardt & have orbital periods of 2.01 and 4.28 hr, respectively, and have H-rich donors (likely a brown dwarf in the case of SAX J1808.4Ϫ3658; Bildsten & Chakrabarty 2001) . The latter two sources have also both exhibited thermonuclear (type I) X-ray bursts, whereas the three ultracompact binaries have not. All five pulsars are soft X-ray transients, with outburst durations of the order of weeks and recurrence times of the order of years. It remains unclear why millisecond pulsations are easily detectable in these five sources but not in the more than 50 other neutron stars in low-mass X-ray binaries (e.g., Cumming et al. 2001; Titarchuk et al. 2002) .
The 2002 October launch of the International Gamma-Ray Astrophysics Laboratory (INTEGRAL) gamma-ray mission (Winkler et al. 2003) , with its wide field of view and good sensitivity to hard X-ray sources, has provided a new avenue for detections of X-ray transients. INTEGRAL discovered the new X-ray transient IGR J00291ϩ5934 ( , ) on 2004 December l p 120Њ .1 b p Ϫ3Њ .2 2 (MJD 53,341; Eckert et al. 2004 ). Follow-up Rossi X-R ay Timing Explorer (RXTE) observations revealed pulsations at a frequency of 598.88 Hz (Markwardt et al. 2004b ) and exhibiting a sinusoidal frequency modulation indicative of a 147.4 minute orbit (Markwardt et al. 2004a (Roelofs et al. 2004 ). Radio observations also revealed evidence of variable emission consistent with the counterpart position (Pooley 2004; Fender et al. 2004) . In this Letter we describe the detailed analysis of the RXTE observations following the discovery.
OBSERVATIONS
We obtained a series of pointed RXTE observations of IGR J00291ϩ5934 between 2004 December 3 and 16 (MJD 53, 355) , with a total exposure of approximately 295 ks. Our analysis is based primarily on data from the RXTE Proportional Counter Array (PCA; Jahoda et al. 1996) , which consists of five identical gas-filled proportional counter units (PCUs) sensitive to X-ray photons in the 2.5-60 keV range, with a total effective area of ≈6000 cm 2 . The data were collected either in GoodXenon or in generic Event modes (in addition to the standard data modes). GoodXenon records the arrival time (1 ms resolution) and energy (256 channel resolution) of every unrejected photon, while the chosen Event configuration has 125 ms time resolution and 64 energy channels. We analyzed FITS production data using LHEASOFT version 5.3.1 (2004 May 20) and estimated the background flux using the "CM" bright-source model for PCA gain epoch 5 (from 2000 May 13). The photon arrival times at the spacecraft were converted to barycentric dynamical times (TDB) at the solar system barycenter using the Jet Propulsion Laboratory DE-200 solar system ephemeris (Standish et al. 1992 ) along with a spacecraft ephemeris and RXTE fine clock corrections. The position adopted was that of the proposed optical counterpart (Fox & Kulkarni 2004) . Data from the 20-200 keV High-Energy XRay Timing Experiment (HEXTE; Gruber et al. 1996) were also used to characterize the hard X-ray spectrum. Notes.-These parameters assume the position of the optical counterpart identified by Fox & Kulkarni (2004) . Our timing analysis is based on the first 50 ks of data, between 2004 December 3 and 6 (MJD 53,342-53,345). 
ANALYSIS AND RESULTS
For our timing analysis, we selected photons from the top layer of each PCU in the energy range 3-13 keV (absolute channels 7-30) in order to maximize the pulsed signal-to-noise ratio. We binned the arrival times for these photons into s Ϫ13 2 (≈0.12 ms) samples. A 599 Hz pulsed signal was easily detectable in these data, with a fractional rms amplitude of between 7% and 9%. The rms amplitude decreased throughout the outburst, gradually to 6% on December 11 (MJD 53, 350) and then more rapidly down to a minimum of ≈2% by December 14. The pulsations became undetectable (!1% rms) from December 15 (MJD 53,354) onward, and the residual flux that was detected after this date likely arose from other sources in the RXTE field of view. The pulse frequency, measured every 64 s, exhibited a sinusoidal modulation attributed to Doppler shifts from the binary orbit. We fitted a preliminary orbital model to the frequency measurements between December 3 and 6 (MJD 53,342-53,345) and then used this preliminary model in a more precise pulse phase analysis (e.g., Manchester & Taylor 1977) . We first corrected the time series using the preliminary orbit. We then folded 64 s intervals of data on the pulsar period estimated from the frequency fit and determined the epoch of maximum flux within each interval. We fitted the residuals (measured pulse arrival time minus the predicted arrival time) to compute differential corrections to our Keplerian orbit model (see, e.g., Deeter et al. 1981) and repeated the process with the corrected model parameters until no further reduction in the rms residual error was achieved. No significant eccentricity was detectable. Our bestfit orbit and spin parameters for the pulsar are given in Table 1 . The pulse time delays due to the orbit are shown in Figure 1 .
We extracted light curves in 12 energy bands between 2 and 20 keV with 0.12 ms time bins from the observations between December 3 and 6 (MJD 53, 345) . We then corrected these light curves for orbital motion based on the best-fit orbital solution and folded on the pulsar period to measure the energy dependence of the pulsations. The fractional rms pulsed amplitude decreased with energy, from 10% in the 2-3 keV range to 6.5% between 7 and 16 keV, dropping further to 5% above 16 keV (Fig. 2, top panel) . The profile was approximately sinusoidal at all energies. Of the higher harmonics, only the second harmonic (1198 Hz) was detected at greater than 3 j confidence in more than one energy band (although not in all bands), at fractional rms amplitudes of a few tenths of a percent. Upper limits on the fractional amplitudes for the third and higher harmonics were of similar magnitude. The pulse phase had an energy dependence. The hard photons arrived earlier than the soft, with a maximum lead of around 90 ms (equivalent to 5% of the pulse period) at 6-9 keV (Fig. 2, bottom panel) . In contrast to other accretion-powered millisecond pulsars, where the hard lead saturates above 10 keV (Cui et al. 1998; Galloway et al. 2002) , in IGR J00291ϩ5934 we found evidence of a slight decrease in the lead above 9 keV. We found no evidence for modulation of the X-ray intensity at the orbital period, ruling out eclipses or dipping behavior. We searched for kilohertz quasi-periodic oscillations (kHz QPOs) in the range 50-4000 Hz, averaging fast Fourier transforms from 128 and 512 s segments of data over entire observations and entire days, but found no significant peaks. We estimate a typical 3 j upper limit for features with FWHM of up to 100 Hz of Շ1% rms (compare to the 5%-10% rms kHz QPOs measured in SAX J1808.4Ϫ3658; Wijnands et al. 2003) . We also searched each observation of IGR J00291ϩ5934 for thermonuclear X-ray bursts but found none. 5 We fitted HEXTE and PCA spectra, the latter extracted separately for each PCU (excluding PCU 0, which has lost its propane veto layer) between 2.5 and 200 keV. We obtained a good fit with a model consisting of a power law with spectral index 1.7-1.8, attenuated by neutral absorption with a column depth of ≈10 22 cm
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. This is only slightly higher than the survey value of (Dickey & Lockman 1990) . A Comptoni-21 Ϫ2
4.7 # 10 cm zation model (Titarchuk 1994 ) gave a marginally better fit to the highest signal-to-noise ratio spectra, but the scattering electron temperature (which gives rise to a high-energy roll off in the spectra) could not be measured, save that it was տ60 keV. This implies an optical depth for scattering (assuming spherical geometry) of . We also found evidence for neutral Fe Ka t p 0.8 line emission at 6.4 keV, with equivalent width ≈50 eV. While the line emission could potentially originate from other sources within the 1Њ RXTE field of view, or from diffuse Galactic emission, a Chandra observation on December 14 also found evidence for Fe line emission in the zeroth-order spectrum (M. Nowak 2004, private communication) . In order to minimize the fit residuals for the PCA data we also added two edge features, one at 7.12 keV (Fe neutral K edge) and one at 4.7 keV (instrumental xenon edge).
An X-ray intensity history of the 2004 outburst is available both from the PCA observations and from the RXTE All-Sky Monitor (ASM; Levine et al. 1996) ; these are shown in Figure 3 . Thus, the peak PCA flux mea-
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(1.14 ‫ע‬ 0.06) # 10 ergs cm s on December 3 (MJD 53,342) is likely a good measure of the peak outburst flux. We calculated a correction factor of 2.54 from the broadband spectral fits to apply to the 2.5-25 keV fluxes, in order to estimate the bolometric flux (here taken as the flux from 0.1-200 keV). Assuming that the outburst commenced on December 2 (MJD 53,341), we estimated a total fluence for the outburst of .
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1.8 # 10 ergs cm The RXTE mission-long (1996-2004) 2-10 keV flux history of IGR J00291ϩ5934 produced from ASM observations confirmed the current outburst, as well as revealing evidence of two previous instances of activity, on 1998 November 26-28 and 2001 September 11-21 (Remillard 2004) . These results indicate that the transient appears regularly, roughly every 3 yr, similar to the
